Mice carrying a targeted mutation (r) in Col1a1, encoding a collagenase-resistant form of type I collagen, have altered skeletal remodeling. In hematoxylin and eosin-stained paraffin sections, we detect empty lacunae in osteocytes in calvariae from Col1a1 r/r mice at age 2 weeks, increasing through age 10-12 months. Empty lacunae appear to result from osteocyte apoptosis, since staining of osteocytes/periosteal osteoblasts with terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling is increased in Col1a1 r/r relative to wild-type bones. Osteocyte perilacunar matrices stained with Ab that recognizes collagenase collagen α1(I) chain cleavage ends in wild-type but not Col1a1 r/r calvariae. Increased calvarial periosteal and tibial/femoral endosteal bone deposition was found in Col1a1 r/r mice from ages 3-12 months. Calcein labeling of calvarial surfaces was increased in Col1a1 r/r relative to wild-type mice. Daily injections of synthetic parathyroid hormone for 30 days increased calcein-surface labeling in wild-type but caused no further increase in the already high calcein staining of Col1a1 r/r bones. Thus, failure of collagenase cleavage of type I collagen in Col1a1 r/r mice is associated with osteocyte/osteoblast death but increases bone deposition in a manner that mimics the parathyroid hormone-induced bone surface activation seen in wild-type mice.
Introduction
When bone is formed, osteoblasts at the bone surface synthesize and secrete an organic extracellular matrix (ECM) that subsequently becomes mineralized. Osteoblasts embedded in the ECM they secrete become osteocytes that form a syncytial network connected through canaliculi that permit the passage of extracellular fluid (1) . Newly formed osteocytes retain several structural features of osteoblasts with an abundant and well-organized granular endoplasmic reticulum and a large Golgi region, characteristics of active protein-synthesizing cells. Osteocytes located at increasing distances from active bone-forming surfaces, however, have a scanty granular endoplasmic reticulum and a smaller Golgi apparatus. Despite their appearance as "inactive" cells, there is increasing evidence indicating that mature osteocytes are the cells that have a role in transduction of signals of mechanical loading, thereby acting as the mechano-sensors in bone (2, 3) . The nature of these signals, which possibly include canalicular flow-induced production of prostaglandins (3, 4) , is currently a subject of considerable interest. Although osteocytes are long-lived cells with a life span estimated at more than 20 years, some osteocytes die, as shown by the presence of empty lacunae in "inactive" bone (5, 6) . Increased osteocyte death has been observed in specimens of iliac bone from humans with estrogen deficiency associated with the use of a gonadotropin-releasing hormone analogue (7) and in the bone disease induced by glucocorticoid excess (8) .
Bone remodeling is thought to occur in units and is generally initiated by osteoclastic bone resorption. Although bone formation, especially during embryonic development and during postnatal periods of growth, is independent of bone resorption, during bone remodeling later in life there is evidence that responses of osteoblastic bone formation are modulated (coupled) by signals sent from osteoclasts and could involve ligands such as TGF-β released from the ECM of bone and activated in the process of osteoclastic resorption. Locally generated ligands besides TGF-β, such as the bone morphogenetic proteins and the IGFs, also have stimulatory effects on osteoblast generation and differentiation (9, 10) . Most recently, neural controls of bone formation, exerted through the action of leptin in the central nervous system, have also been demonstrated (11) . In addition, the circulating hormone, parathyroid hormone (PTH), and the locally produced PTH-related peptide (PTHrP) act directly through the same receptor on mesenchymal cells such as osteoblasts and marrow stromal fibroblasts to modulate bone formation (12) . A major action of PTH, however, is to induce bone resorption, an action exerted indirectly on osteoclasts and their precursors through direct effects on the mesenchymal cells. In stimulating bone formation, as well as resorption, PTH, acting on mesenchymal cells and then through direct cell-cell contacts mediated by cell-bound ligands such as osteoclast differentiation factor (RANK ligand) and/or production of soluble ligands, modulates the activity of existing osteoclasts and the differentiation of osteoclasts from precursor cells (12) (13) (14) (15) . There is evidence that osteoblastic cells exposed intermittently to relatively low concentrations of PTH function anabolically to increase bone formation, whereas osteoblastic cells exposed continuously to relatively high concentrations of PTH function catabolically to increase bone resorption (16, 17) . The same osteoblastic cells exert these seemingly opposing responses to PTH, probably through different intracellular pathways of signal transduction (18, 19) . Thus, PTH in low dosages increases bone formation and bone mass in normal or ovariectomized rats (10, 16, 17, (20) (21) (22) , as well as in humans with osteoporosis (23) (24) (25) (26) .
We have been examining skeletal modeling and remodeling using mice in which a mutation was targeted to Col1a1 in the region that encodes the single site in the helical domain of the type I collagen α1(I) chains where collagenase cleavage occurs (27) (28) (29) . The mice, termed Col1a1 tml Jae , which express the targeted mutation (r) on both alleles (r/r) of Col1a1, produce type I collagen molecules in which neither the α1(I) nor the α 2(I) chains are cleaved by collagenases. The Col1a1 r/r mice, in contrast to wild-type mice, fail to mount an osteoclastic bone resorptive response to PTH injected subcutaneously over the calvariae (30) .
We describe here further observations of the abnormal skeletal phenotype and the effects of PTH in Col1a1 r/r mice. As early as 2 weeks of age, empty osteocyte lacunae were evident in the calvariae from Col1a1 r/r mice; the number of empty lacunae increased with increasing age. Since the loss of osteocytes from their lacunae could be due to apoptosis, we used terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining to estimate DNA strand breaks in bone cells. Many osteocytes as well as periosteal cells in Col1a1 r/r calvariae were TUNEL positive, whereas few TUNELpositive cells were seen in wild-type calvariae. Empty osteocyte lacunae were also found in the shafts of long bones from the Col1a1 r/r mice. We present evidence that collagenase cleavage takes place in periosteocytic ECM in wild-type but not in Col1a1 r/r calvariae. In other cell systems, collagenase gene transcription is induced when cells bind to collagen and cleavage of the collagen with subsequent ligation through integrins (e.g., α v β 3 ) produces antiapoptotic signals (31, 32) . We postulate that normally osteocytes (and osteoblasts) could use similar signals to maintain their viability, and, if such signals are not induced, they undergo apoptosis and their lacunae empty. We also show here that young Col1a1 r/r mice began to develop thickening of the calvariae through deposition of new bone, predominantly at the inner periosteal surface; increased deposition of endosteal trabecular bone was found in long bones in older Col1a1 r/r mice. The increased bone deposition in untreated Col1a1 r/r mice was accounted for by marked activation of bone-forming surfaces, judging from the pattern of calcein labeling. This pattern in untreated Col1a1 r/r mice resembled that in wild-type mice treated with PTH, although we have not so far detected significant differences in circulating levels of PTH in the Col1a1 r/r compared with the wild-type mice. Thus, the failure of collagenase to cleave type I collagen in the Col1a1 r/r mice was associated with increased osteoblast and osteocyte apoptosis, yet increased bone deposition.
Methods
Mice. In the experiments described, we used the progeny of homozygous (r/r) breeding pairs of the Col1a1 tml Jae mice (29, 30) . Homozygous offspring had been identified by genotyping the progeny of heterozygous (Col1a1 r/+ ) breeding pairs using a PCR-based method (30) . In these experiments, the mice referred to as wild-type controls were the wild-type progeny of Col1a1 r/+ breeding pairs. The Col1a1 r/+ animals were derived from the J1/129 strain (the mutation was targeted in ES cells of this strain) and the C57BL/6 strain.
Tissue processing and analysis. After sacrifice by CO 2 narcosis, calvariae and hind limbs were removed intact, soft tissues were gently dissected, and the bones were fixed in 10% phosphate-buffered formalin for 24 hours for further processing and analysis. After fixation, calvariae were decalcified in 14% EDTA for 7-8 days and then dehydrated in graded alcohol. Calvariae were then bisected perpendicular to the sagittal suture through the central portion of the parietal bones, parallel to the lambdoidal and coronal sutures, and embedded in paraffin to obtain sections of a standard area. Four to six 5-µm-thick representative, nonconsecutive step sections were cut. The sections were routinely stained with hematoxylin and eosin (H&E). To facilitate histomorphometric measurements, a standard length of 5 mm of each section from the edge of the sagittal suture to the muscle insertion at the lateral border of each bone was used. The hind limbs, after dissection of soft tissues and fixation as above, were decalcified in 14% EDTA for 2 weeks before embedding in paraffin and sectioning. Longitudinal sections through the epiphyses of the tibias and femurs were also obtained for analysis.
Estimation of the number of osteocytes and empty osteocyte lacunae. For measurement of numbers of osteocytes and empty osteocyte lacunae in the calvariae, a standard length of 2 mm of each section from the edge of the sagittal suture to the muscle insertion at the lateral border of each bone was obtained for staining with H&E. Measurements were made on digitized images using the NIH Image program (NIH, Bethesda, Maryland, USA) for the Macintosh computer. The area in square millimeter per millimeter of standard length, the total number of empty osteocyte lacunae per square millimeter, and the percentage of empty lacunae per total lacunae were calculated.
Identification of apoptotic cells. The TUNEL method was used (33) to detect apoptotic cells in 5-mm-thick sections of paraffin-embedded tissue using the kit obtained from Boehringer Mannheim Biochemicals Inc. (Indianapolis, Indiana, USA). Fluorescence microscopy with an inciting wavelength of 485 nm and an analyzing wavelength of 510 nm was used to identify the green-fluorescing cells. Numbers of TUNELstained cells in calvarial sections of standard length were counted using digitized images as described above.
Assessment of collagenase cleavage in tissue sections. A mouse mAb, 9A4, was generated (34) using the synthetic peptide Gly Pro Pro Gly Pro Gln Gly linked to keyhole limpet hemocyanin as the immunogen and was generously provided by Ivan Otterness (Central Research Division, Pfizer, Groton, Connecticut, USA). This sequence of amino acid residues 768-775 in the α1(II) chains precedes the collagenase-cleavage site between Gly775 and Leu776 in α1(II) chains (34, 35) . Whereas mAb 9A4 also recognizes the heptapeptide sequence Gly Thr Pro Gly Pro Gln Gly in the COOHterminal end of the larger, three-quarter fragment (termed A α1 [I] or TC A α1 [I] ) of the α1(I) chain of type I collagen, it does not recognize this sequence in uncleaved, denatured type I or type II collagen. To use the Ab for assessment of collagenase cleavage of type I collagen in mouse tissue sections, yet maintain a low background of staining, the Ab was biotinylated, and binding of Ab to epitope was assayed using an avidinlinked peroxidase system (Vector Laboratories, Burlingame, California, USA). Controls comprised samples with the avidin-peroxidase but without Ab.
Calcein labeling. To further define the abnormal bone growth in the Col1a1 r/r mice, a modified histomorphometric analysis was performed using double labeling with calcein as the marker. Calcein (25 mg/kg; Sigma Chemical Co., St. Louis, Missouri, USA) was injected intraperitoneally twice at intervals of 11 days, and the mice were sacrificed 4 days after the last injection. Calcein labeling in the calvariae was assessed using undecalcified, frozen, 5-mm-thick sections of tissue fixed previously in formalin. Calcein labeling of long bones was assessed using formalin-fixed, undecalcified samples embedded in methyl methacrylate, and 5-mm-thick sections were prepared. A Nikon microscope was used and the pattern of fluorescence analyzed with an inciting wavelength of 485 nm and an analyzing wavelength of 510 nm.
Effects of PTH in vivo.
To measure anabolic responses of bone to low-dose systemic PTH in vivo, we followed the protocols developed by Hock and coworkers (16, 17) . Synthetic human PTH(1-34) was obtained from A. Khatri (Endocrine Unit, Massachusetts General Hospital, Boston, Massachusetts, USA) and was dissolved in vehicle (1 mM HCl, 0.1% BSA). To measure the effects of PTH on activation of bone surfaces, 3-month-old mice were injected once daily, intraperitoneally, for 30 days with vehicle or synthetic hPTH 1-34, 40 µg/kg, and with calcein, 25 mg/kg, intraperitoneally, the latter at 15 and 26 days. The mice were then sacrificed at 30 days.
Quantification of bone area and active bone surfaces. For the calvarial sections, the total areas of bone and marrow cavities (i.e., bone and marrow between the inner and outer periosteal surfaces within the 5-mm length from the sagittal suture) were measured on digitized images using the NIH Image program for the Macintosh computer. To reduce measurement errors, at least two of the most central sections among all sections from each sample were examined and quantified. Each area of bone per standard length was digitized twice using the NIH Image program, and two readings were averaged. All measured areas of bone within each section were then summed. The amount of inner and outer bone surfaces labeled with calcein and the distances between the labels were similarly quantified. Statistical significance was determined using ANOVA.
Blood measurements. Blood ionized calcium concentration [Ca 2+ ] was determined with the 634 ISC Ca ++ /pH Analyzer from Ciba Corning Diagnostics (Medfield, Massachusetts, USA). Serum PTH levels were measured using the Rat IRMA PTH kit (Immunotopics Inc., San Clemente, California, USA). To obtain sufficient serum required for this assay, blood was obtained after sacrifice and serum separated. Measurements were made on 200-400 µl of serum. Grossly hemolyzed samples were not analyzed.
Results
Osteocytes and empty osteocyte lacunae in Col1a1 r/r mice. We first noted the presence of significant increases in the number of empty osteocyte lacunae in 4-week-old Col1a1 r/r mice compared with 4-week-old wild-type mice, as shown in representative sections of calvariae stained with H&E in Figure 1a . These changes persisted in calvariae from 10 to 12-month-old Col1a1 r/r mice ( Figure  1b) . The calvariae in the older Col1a1 r/r mice were also thicker than those of the wild-type mice (see below). As shown in Figure 1b , although the area of the calvariae was comparable in 4-week-old wild-type and Col1a1 r/r mice, the number of empty lacunae was increased approximately tenfold in the Col1a1 r/r mice compared with the wild-type mice. In 4-week-old wild-type mice (n = 8), there were 12 ± 2 (SEM) empty lacunae per mm 2 (1.8 ± 0.32% of total), whereas in 4-week-old Col1a1 r/r mice (n = 8), there were 120 ± 19 empty lacunae per mm 2 (15 ± 2.5% of total). In 10-to 12-month-old wild-type mice (n = 5), there were 15 ± 5.6 empty lacunae per mm 2 (3 ± 1.2% of total), whereas in 10-to 12-month-old Col1a1 r/r mice (n = 7), there were 150 ± 18 empty lacunae per mm 2 (22 ± 2.4% of total). Increased numbers of empty osteocyte lacunae were seen in Col1a1 r/r mice as young as 2 weeks of age, but in calvariae from neonatal wild-type and Col1a1 r/r mice all osteocyte lacunae were filled (data not shown). Empty osteocyte lacunae were also found in tibias and femurs, the long bones examined in the Col1a1 r/r mice (data not shown).
Apoptosis in Col1a1 r/r mouse calvariae. In view of the remarkable increase in the number of empty osteocyte lacunae in the calvariae from the Col1a1 r/r mice, we tested for the occurrence of apoptosis in cells that filled the remaining osteocyte lacunae, using TUNEL staining. It can be seen in the example from 4-week-old mice shown in Figure 2a that the number of persisting TUNEL-positive osteocytes in the calvariae from both 4-week-old and 10-month-old Col1a1 r/r mice was increased, compared with calvariae from wild-type mice of comparable age. TUNEL staining was also observed in cells in the periosteum of the Col1a1 r/r mice (Figure 2a) , which included osteoblasts, preosteoblasts, or stromal fibroblasts, but they were not further identified. In the calvariae from the wild-type mice, however, TUNEL staining was observed only in rare, scattered bone cells of all types. Increased TUNEL staining was also seen in the calvariae from 2-week-old Col1a1 r/r mice but not in osteoblasts or osteocytes in bones from neonatal Col1a1 r/r or wild-type mice (data not shown). As shown in Figure 2b , in calvariae from 4 week-old wild-type mice, 7.3 ± 1.0 (SEM) apoptotic osteocytes per mm 2 were counted, whereas in calvariae from Col1a1 r/r mice, 73.8 ± 7.4 (SEM) (n = 5) apoptotic osteocytes per mm 2 were counted. In each of the two 8-month-old wild-type mice sampled, 9 and 7 apoptotic osteocytes per mm 2 were counted, whereas in four Col1a1 r/r mice a mean of 83.0 ± 2.7 (SEM) apoptotic osteocytes per mm 2 were counted.
Collagenase cleavage in the perilacunar osteocyte ECM. Since the only defect engineered in the Col1a1 r/r mice was alteration of amino acids around the collagenasecleavage site in α1(I) chains that conferred resistance to cleavage, we asked whether osteocytes normally release collagenase that cleaves type I collagen in the surrounding ECM. To pursue the answer, we used the biotinylated mAb, 9A4 (34) , that recognizes the unique amino acid sequence epitope in the COOHterminal end of the three-quarter-length fragment of the α1(I) chain of type I collagen cleaved by collagenases. It is shown in Figure 3 that staining of scattered osteocytes and their surrounding ECM was present in the calvariae from wild-type mice, but not in calvariae from Col1a1 r/r mice. No staining was detected using avidin-peroxidase alone in the absence of mAb 9A4. These findings are consistent with the production by wild-type osteocytes of collagenase that can cleave type I collagen in the perilacunar ECM. The absence of staining of the perilacunar ECM with mAb 9A4 in Col1a1 r/r mice provides in vivo observations consistent with our previous in vitro observations (29, 36) that Col1a1 r/r type I collagen is not cleaved at the helical locus by collagenases.
Calvarial bone area in Col1a1 r/r and wild-type mice. We observed no differences in the thickness of the calvariae in Col1a1 r/r mice compared with wild-type mice younger than 4 weeks of age. In Col1a1 r/r mice older than approximately 6 weeks of age, however, we began to detect increases in calvarial thickness. In Figure 4a are shown representative histological sections of calvariae stained with H&E from wild-type and Col1a1 r/r mice at 4 weeks and 12 months of age. Whereas calvarial thickness was similar in 4-week-old wild-type and Col1a1 r/r mice, calvarial thickness in 12-month-old Col1a1 r/r mice was markedly increased compared with that of 12-month-old wild-type mice. In addition, the inner periosteal surface appeared irregular and wavy in Col1a1 r/r calvariae, in contrast to the smooth inner periosteal surface of wild-type calvariae. Calvarial thickness was quantified in Col1a1 r/r and wild-type mice at different ages using a standard length of 5 mm, as shown in the bar graph in Figure 4b . Although calvarial thickness did not differ in wild-type and Col1a1 r/r mice at 4 weeks of age, at 12 months of age, calvarial thickness in Col1a1 r/r mice was approximately twice that in wild-type mice (P < 0.0001).
Measurements of active bone-formation surfaces and effects of PTH.
To determine if the increase in calvarial thickness in older Col1a1 r/r mice could be due to increased bone formation, we used in vivo labeling with calcein as a
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The marker in animals 3 months of age or older. As shown in the examples in Figure 5a , in calvariae from untreated (vehicle alone) wild-type mice, most of the fluorescent labels were observed inside the bone marrow cavity. There was rarely labeling of the inner periosteal surfaces and only occasionally labeling at the outer periosteal surfaces. In striking contrast, however, marked and extensive double labeling was evident at both periosteal surfaces in untreated Col1a1 r/r mice ( Figure 5a ). Since PTH in low doses has been demonstrated to have anabolic effects on bone, and we have shown that catabolic effects of high doses of PTH on bone resorption are markedly blunted in the Col1a1 r/r mice (30), we designed experiments to compare the anabolic effects of low-dose PTH in the wild-type and Col1a1 r/r mice (see protocol in Methods). PTH treatment increased calcein labeling, particularly evident at both periosteal surfaces. These differences were quantified as shown in Figure 5b . There was marked activity at both periosteal surfaces in Col1a1 r/r mice with or without PTH treatment. In contrast, there was little labeling of either surface in wild-type mice treated with vehicle, but in wild-type mice treated with PTH, labeling was markedly increased at both periosteal surfaces. There was a parallel increase in the mineral apposition rate measured as the distance between the two calcein labels divided by the time interval between injections in wild-type mice treated with PTH ( Figure  5c ). The spontaneous mineral apposition rate tended to be greater at the inner compared with the outer periosteal surface in Col1a1 r/r mice. Excessive endosteal bone in femurs from Col1a1 r/r mice. Changes were also consistently observed in the long bones from Col1a1 r/r mice. Examples shown in Figure  6a are longitudinal, histological sections of portions of the midfemoral shaft from 10-month-old mice. The endosteal surface was smooth in wild-type mice, with little deposition of new endosteal bone. The endosteal surface in Col1a1 r/r mice, however, contained abundant, new, endocortical trabecular bone surrounding active marrow spaces. Total bone (cortical plus trabecular) in this region of the diaphysis was greater in all samples examined from Col1a1 r/r (n = 6) compared with wildtype mice of similar age (n = 6). The pattern of calcein labeling in the long bones from untreated wild-type and Col1a1 r/r mice also differed markedly as shown in Figure 6b . In Col1a1 r/r mice, calcein labeling was observed at both periosteal and endosteal surfaces with most of the fluorescence in the new bone at the endosteal surface. Only limited and scattered labeling was found on the endosteal surfaces of the femurs and tibias from wild-type mice.
Blood ionized-calcium and PTH levels. Since we showed in these experiments that PTH activates bone surfaces, and we had shown previously that the resorptive effects of PTH are blunted in the Col1a1 r/r mice, we asked whether spontaneous secondary hyperparathyroidism was present in the Col1a1 r/r mice. Levels of ionized calcium were not different in the Col1a1 r/r compared with the wild-type mice (data not shown). Although the mean levels of PTH were higher in Col1a1 r/r compared with wild-type mice (4.7 ± 0.6 [SEM] pg/ml, n = 15, versus 3.7 ± 0.2 [SEM] pg/ml, n = 17), the differences were not significant.
Discussion
Although the homozygous (Col1a1 r/r ) mice had normal development of the appendicular skeleton during embryogenesis and during the first week after birth, after approximately 2 weeks of age, aspects of the skeletal phenotype became apparent. There was detectable loss of osteocytes from their lacunae in calvariae and long bones of Col1a1 r/r mice older than 2 weeks, and this loss continued as they aged. Beginning at approximately 2 weeks of age, apoptosis was detected using TUNEL staining in a significant number of periosteal osteoblasts and in persisting osteocytes in Col1a1 r/r mice. Despite bone cell apoptosis, Col1a1 r/r mice after approximately 4 weeks of age began to deposit excessive bone at endosteal surfaces in long bones and in calvariae predominantly at the inner periosteal surface adjacent to the dura mater; calvarial thickness nearly doubled by approximately 10 months of age. It had been shown that PTH injected subcutaneously over the calvariae induced bone resorption at intracortical locations in the calvariae, but not at the outer and inner periosteal surfaces (37) . Thus, the new bone formation observed here spontaneously in the Col1a1 r/r mice was appositional and could not be accounted for by decreased bone resorption alone. In the long bones, the extra bone was also deposited in the endosteal region of the shafts in positions normally occupied by marrow elements and in this sense could also be considered appositional. Furthermore, the extra bone was deposited on active surfaces labeled with calcein in vivo. In calvariae from untreated Col1a1 r/r mice, almost all of the surfaces were labeled with calcein, whereas there was minimal calcein label in calvariae from untreated wildtype mice. In the bone shafts the endosteal bone was also intensely labeled with calcein. Nevertheless, PTH administered for 30 days increased calcein labeling in wild-type mice to an extent nearly that observed spontaneously in Col1a1 r/r mice.
It was first shown in 1964 that administration of parathyroid extract to mice increased collagenolytic activity in organ cultures of bone removed from these animals (38) . Later, it was found that PTH added in vitro to bone organ cultures had a similar stimulatory effect (39) . Subsequently, this collagenase was cloned (40, 41) and identified as MMP-13 (42) (43) , and it was demonstrated that its gene expression in cultured osteoblast-like cells could be stimulated by PTH (40, 44, 45) . In the developing mouse skeleton, MMP-13 is expressed in distal hypertrophic chondrocytes of the growth plate and in osteoblasts in the shafts of the long bones (46) (47) (48) (49) (50) . In mice with a null mutation in the PTH/PTHrP receptor gene, expression of MMP-13 in the distal growth plate and in the primary center of ossification of late embryos is markedly reduced (50) . Other MMPs that could function potentially as collagenases, besides MMP-13, are expressed in skeletal cells during development, including MMP-8 (neutrophil collagenase, collagenase-2) (51) and MT1-MMP (52) . MMP-1 is expressed in human skeletal cells, but the presence of the orthologue of MMP-1 has not been reported in mice or rats. Although the soluble form of MT-1MMP (53) has not yet been tested by us, the collagenases other than MMP-13 also do not cleave the Col1a1 r/r collagen at the helical site. In two reports of the phenotype of MT1-MMP-null mice (54, 55) , there is no description of skeletal abnormalities of the type described here. Since these changes develop in the Col1a1 r/r mice only after approximately 4 weeks of age, it is not yet possible to determine if similar abnormalities would be seen in the MT1-MMP -/-mice, since most of these animals die by 3 weeks of age.
To relate the apoptosis of osteocytes to the targeted defect in collagenase cleavage of type I collagen (the major fibrillar organic component of bone) in the Col1a1 r/r mice, it was essential to demonstrate that osteocytes produced collagenase. We were successful using the mAb, 9A4 (34) , in detecting the specific epitope produced by collagenase cleavage in the periosteocytic ECM in wild-type mice but not in Col1a1 r/r mice. These observations provide further evidence that the Col1a1 r/r collagen, which is not cleaved by collagenases in vitro, is not cleaved by collagenases in vivo. We had shown previously that MMP-13, but not other collagenases, makes an additional cleavage in the Ntelopeptide region of type I collagen in vitro (29, 36) . It has not yet been possible, however, to demonstrate
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Figure 4
The whether the N-telopeptide cleavage takes place in vivo, and since the Col1a1 r/r collagen can be cleaved by MMP-13 at the N-telopeptide site, the latter cleavage would not affect the phenotype described. It has been emphasized by Werb (56) that the ECM provides adhesive signals that control cell viability and that degradation of the ECM is the most effective mechanism for altering cellular anchorage in vivo. We speculate that osteocytes, through the release of collagenase into the surrounding ECM, normally generate a survival signal. This signal would be present in the wild-type mice but absent or diminished in the Col1a1 r/r mice. Some evidence to support this hypothesis has been obtained from work showing that cells can bind to type I collagen through the α 2 β 1 integrin (57) and that following ligation of α 2 β 1 , procollagenase gene transcription is induced with secretion and activation of the procollagenase (58) . It has been demonstrated, e.g., in melanoma cells, that after collagenase cleavage of type I collagen and further unwinding of the chain ends, a cryptic binding site(s) is revealed for the α v β 3 integrin (31, 32) . Normally, binding of the α v β 3 integrin to this cryptic site(s) could then promote some adhesion-dependent survival signal necessary for cells to progress normally through the cell cycle. An important regulator of cell-cycle arrest and apoptosis is the tumor suppressor gene, p53. Failure to bind through α v β 3 in endothelial cells or melanoma cells results in apoptosis, possibly mediated by p53 and p21 WAF1/CIP1 , a cyclindependent kinase inhibitor (39, 59, 60) . There are other possible explanations for the osteocyte death in Col1a1 r/r mice. There is evidence, for example, that bone ECM is a storage source of growth factors that are released after its degradation (56, 61, 62) . Some factor present in the periosteocytic extracellular matrix not released because of failure of collagenase to act on type I collagen might also be critical for cell survival.
It should also be considered that the effects observed in Col1a1 r/r mice could be related to the presence of the mutant collagen per se, independent of resistance to the action of collagenase. In the mutation that we targeted (27) to the Col1a1 gene that induces resistance to collagenase cleavage, both Gln774 and Ala777 (in the -Y-position of the -Gly-X-Y-triplet) are replaced with Pro residues that would probably be 4-hydroxylated to hydroxyprolines (Hyp) in a region of the molecule that is relatively poor in Pro residues in the -Y-position (35) . Thus, the presence of these additional Hyp residues would probably further stabilize the collagen triple helix and inhibit unfolding of the triple helix at this locus (35) . The increased stability of the collagen helix that contributes to the mechanism of collagenase resistance of the mutant collagen might also alter its binding to other ECM components, as well as to cells.
We raise the possibility that osteocyte apoptosis could play a role in the deposition of excessive bone observed in Col1a1 r/r mice. Responses of bone to mechanical stress that result in changes in mass and structure are mediated by osteocytes, the predominant cells of adult bone tissue (63) . Osteocytes appear to act as mechano-sensors, and the flow of fluid through the lacuno-canalicular network that connects these cells with the bone-lining cells provides the stress-derived mechanical signals. Spontaneously in the Col1a1 r/r mice there was as much as a tenfold increase in the number of apoptotic osteoblasts and osteocytes and a parallel increase in the number of empty osteocyte lacunae; indeed, in 10-month-old Col1a1 r/r mice more than one fifth of the osteocyte lacunae were empty. The new bone formation took place despite the depletion of viable osteocytes. Since no signal could pass over the lacuno-canalicular network to osteoblasts at bone surfaces from empty osteocyte lacunae, we speculate that the normal osteocyte → osteoblast signal could be an inhibitory one; loss of the osteocyte signal could then lead to increased surface osteoblast activity. Although spontaneously in wild-type mice there was little calcein labeling of calvarial surfaces, in PTHtreated wild-type mice there were marked increases in calcein-surface labeling that approached that of untreated Col1a1 r/r mice; no further effect of PTH was observed in Col1a1 r/r mice since bone formation was presumably already maximal. Although so far we have not detected significant differences in circulating levels of PTH in the Col1a1 r/r compared with the wildtype mice, low-grade hyperparathyroidism, secondary to decreased bone resorption in the presence of resistance to collagenase cleavage of type I collagen, might still account for activation of bone-forming surfaces in Col1a1 r/r mice. The observations of Jilka et al. (64) should be considered in this regard. They showed that the increase in bone mass that accompanies the administration of PTH to normal or osteopenic mice results not from osteoblastogenesis, but from prevention of osteoblast apoptosis. We raise the possibility that this antiapoptotic signal could normally be mediated by the action of PTH in stimulating expression of collagenase. The high rate of apoptosis in the Col1a1 r/r mice might thus be ascribable to failure to cleave type I collagen, thereby blocking access of integrins to the cryptic epitope in the cleaved chains and abrogating an antiapoptotic signal. In the Col1a1 r/r animals there was excessive deposition of bone despite increased apoptosis of some osteoblasts. Antiapoptotic effects of PTH might be dissociated from those on activation of bone-forming surfaces.
Whatever the detailed mechanisms, these observations in the collagenase-resistant Col1a1 tml Jae mice lead us to propose a role for collagenolysis mediated by MMPs in maintaining the viability of bone cells in the postnatal skeleton. Whether or not osteocyte apoptosis observed in osteoporosis due to estrogen deficiency (7) or glucocorticoid excess (8) in humans could also involve interruption of cell/matrix interactions as a consequence of altered proteolysis remains to be determined. 
